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Abstract 

The application of blood plasma for soft tissue wound healing is receiving much more attention 
recently. Exosomes are critical paracrine mediators that can be obtained from biological fluids 
including plasma and be able to induce regenerative effects by transferring bioactive molecules such 
as microRNAs (miRNAs). This study aimed to investigate the effects of exosomes from human 
umbilical cord blood plasma (UCB-Exos) on wound healing and to elucidate the underlying 
mechanism. 
Methods: UCB-Exos were isolated by ultracentrifugation and subcutaneously injected into 
full-thickness skin wounds in mice. The efficacy of UCB-Exos on wound healing was evaluated by 
measuring wound closure rates, histological analysis and immunofluorescence examinations. In 
vitro, quantitative real-time PCR (qRT-PCR) analysis was performed to detect the expression levels 
of a class of miRNAs that have positive roles in regulating wound healing. The scratch wound assay, 
transwell assay and cell counting kit-8 analysis were conducted to assess the effects of UCB-Exos 
on migration and proliferation of human skin fibroblasts and endothelial cells. Tube formation assay 
was carried out to test the impact of UCB-Exos on angiogenic tube formation ability of endothelial 
cells. Meanwhile, by using specific RNA inhibitors or siRNAs, the roles of the candidate miRNA 
and its target genes in UCB-Exos-induced regulation of function of fibroblasts and endothelial cells 
were assessed. 
Results: The local transplantation of UCB-Exos into mouse skin wounds resulted in accelerated 
re-epithelialization, reduced scar widths, and enhanced angiogenesis. In vitro, UCB-Exos could 
promote the proliferation and migration of fibroblasts, and enhance the angiogenic activities of 
endothelial cells. Notably, miR-21-3p was found to be highly enriched in UCB-Exos and served as 
a critical mediator in UCB-Exos -induced regulatory effects through inhibition of phosphatase and 
tensin homolog (PTEN) and sprouty homolog 1 (SPRY1).  
Conclusion: Our results suggest that UCB-Exos are important effectors of plasma activity and 
can be used as a novel promising strategy for soft tissue wound healing. 
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Introduction 
Skin and soft tissue injuries are a common 

occurrence following accidental traumas, such as 
bone fractures [1, 2]. The healing of skin/soft tissue 
wounds requires a well- orchestrated integration of 
cell migration and proliferation, collagen synthesis 
and deposition, angiogenesis, and wound remodeling 
[3]. In some pathological disorders, the normal wound 
healing process is disturbed and prolonged, which 
can lead to chronic non-healing wounds such as 
diabetic ulcers or pathological scarring such as keloid 
scars [3, 4]. Thus, shortening healing time and 
inhibiting scar formation after skin/soft tissue trauma 
represent urgent clinical needs. Although various 
therapeutic attempts have been made to promote 
wound healing, optimal treatment strategies are still 
being developed. 

Over the past few years, stem cells have emerged 
as powerful tools to improve skin wound healing. 
Human umbilical cord blood (UCB) is an attractive 
source of transplantable stem cells for wound repair, 
and posesses several distinct advantages of no risk to 
donors, easy accessibility, and a low incidence of 
graft-versus-host disease [5, 6]. However, the direct 
use of stem cells for therapeutic purposes remains 
limited by many risk factors such as tumor formation, 
thrombosis, and unwanted immune responses [7-9]. 
Exosomes are 40-150 nm sized small membrane 
particles of endosomal origin that play crucial roles in 
intercellular communication by delivering miRNAs, 
mRNAs and proteins to recipient cells [10]. Exosomes 
exhibit stem cell-like pro-regenerative properties and 
direct treatment with them may avoid many adverse 
effects of stem cell transplantation therapy [11, 12]. 
Studies have reported that the local injection of 
exosomes secreted by human UCB-derived stem cells 
can promote skin cell proliferation and migration, 
angiogenesis, and wound closure in diabetic or burn 
wound animal models [11, 13], suggesting that 
exosomes-based therapy is a promising approach for 
wound healing. Except the stem cells, UCB also 
contain abundant exosomes [14]. Nevertheless, to 
date, few studies have directly utilized UCB to 
harvest exosomes for therapeutic uses.  

In the present study, we isolated exosomes from 
human UCB-derived plasma (UCB-Exos) and 
explored the wound healing properties of UCB-Exos. 
The results showed that the local injection of 
UCB-Exos into full-thickness skin wounds in mice 
resulted in accelerated re-epithelialization, reduced 
scar widths, and enhanced new blood vessel 
formation. Moreover, we found that UCB-Exos could 
promote the proliferation and migration of 
fibroblasts, and enhance the angiogenic activities of 
endothelial cells in vitro. We also found that 

miR-21-3p was enriched in UCB-Exos and this 
miRNA was a key mediator in the UCB-Exos-induced 
regulation of function properties of fibroblasts and 
endothelial cells by inhibiting phosphatase and tensin 
homolog (PTEN) and sprouty homolog 1 (SPRY1). To 
the best of our knowledge, this study is the first to 
show the utility of UCB-Exos in soft tissue wound 
healing and elucidate the underlying mechanism. 

Materials and Methods 
Exosomes isolation from human UCB plasma 

Human UCB samples (50-60 mL per sample) 
were obtained from umbilical veins after healthy 
neonatal delivery with permission from the infants’ 
parents and the Institutional Review Board at Xiangya 
Hospital of Central South University. The whole 
blood was collected in a multiple system bag 
(Machopharma, Mouvax, France) containing citrate 
phosphate dextrose as anticoagulant. This mixture 
was transferred to 50 mL centrifuge tubes and 
centrifuged at 300 ×g for 10 min to collect the plasma. 
Subsequently, the plasma underwent a series of 
low-speed centrifugation steps (300 ×g for 10 min, 
2,000 ×g for 10 min) to discard cell debris. Then, the 
supernatant was centrifuged at 10,000 ×g for 30 min 
followed by ultracentrifugation for 70 min at 100,000 
×g. The pelleted exosomes were washed twice with a 
large volume of PBS and centrifuged at 100,000 ×g for 
70 min, then re-suspended in 15 mL of PBS. The 
exosomes suspension was filtered through a 0.22 μm 
filter (Merck-Millipore, Darmstadt, Germany) and 
centrifuged at 4000 ×g to about 200 μL by 
ultra-filtration in a 15 mL Amicon Ultra-15 
Centrifugal Filter Unit (Millipore, Billerica MA, USA). 
All procedures were performed at 4 °C. Exosomes 
were stored at –80 °C or used for the downstream 
experiments. In total, UCB samples from three 
different healthy donors were collected successively 
to obtain UCB-Exos. At least three independent 
experiments were performed for verifying the effects 
of these exosomes on cultured fibroblasts and 
endothelial cells. Exosomes from one donor-derived 
UCB were used for assessing the efficacy of UCB-Exos 
in promoting wound healing in vivo.  

Identification of UCB-Exos 
The size distribution of UCB-Exos was measured 

by dynamic light scattering (DLS) with a Nanosizer™ 
instrument (Malvern Instruments, Malvern, UK) and 
the exosomes morphologies were observed with a 
Hitachi H-7650 transmission electron microscope 
(TEM) (Hitachi, Tokyo, Japan) as described 
previously in detail [11]. The characteristic surface 
marker proteins of exosomes were analyzed by flow 
cytometry. Briefly, exosomes were attached to 4 μm 
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aldehyde/sulfate latex beads (Invitrogen, Carlsbad, 
USA) and incubated with the primary antibodies 
mouse anti-human CD63 (Santa Cruz Biotechnology, 
Santa Cruz, USA, SC5275, 1:10) and rabbit anti-human 
TSG101 (ProteinTech, Chicago, USA, 14497-1-AP, 
1:10). After washing with 2% BSA in PBS, the 
exosomes-bound beads were then incubated with 
Alexa Fluor® 488 conjugated goat anti-mouse IgG 
(Abcam, Cambridge, Britain, ab150117, 1:2000) or goat 
anti-rabbit IgG (Abcam, ab150077, 1:2000) secondary 
antibodies for 30 min. Negative controls using the 
respective isotype control primary antibodies + 
secondary antibodies or secondary antibodies alone 
were established. The isotype control primary 
antibodies of monoclonal mouse IgG (Cell Signaling 
Technology, Danvers, MA, #5415) and monoclonal 
rabbit IgG (Cell Signaling Technology, #3900) were 
used under the same concentrations and conditions. 
The beads un-coated with exosomes but incubated 
with the respective primary and secondary antibodies 
were served as blank. The beads were then washed 
and analyzed by flow cytometry using a Becton 
Dickinson FACSscan (San Jose, CA, USA). Results 
were analyzed with Flowjo software (Tree Star Inc, 
Ash-land, USA). 

Mouse skin wound model and treatment 
All procedures were approved by the Animal 

Research Committee of Xiangya Hospital of Central 
South University. 12-week-old male C57BL/6 mice 
(weighing 26–30 g) were used in this study. These 
mice were anesthetized by intraperitoneal (i.p.) 
administration of 50 mg/kg pentobarbital sodium 
(Sigma-Aldrich, St. Louis, MO, USA) before 
operation. After shaving the mice, two full-thickness 
excisional skin wounds (12 mm in diameter) were 
created on the dorsum. Twenty mice were randomly 
divided into two treatment groups, which were 
subcutaneously injected with UCB-Exos (200 μg 
dissolved in 100 μL PBS) or an equal volume of PBS 
around the wounds at 4 injection sites (25 μL per site). 
Eight days after operation, these mice were sacrificed 
and skin specimens were harvested. Skin samples 
were analyzed by histopathological methods.  

Evaluation of wound closure and blood vessel 
regeneration 

The wounds of each group were photographed 
at 0, 2, 5 and 8 days after surgery. All wounds were 
measured with a caliper ruler and the area of each 
wound was evaluated using Image-Pro Plus 6 
software (Media Cybernetics, Bethesda, USA). The 
reduction of wound-size was calculated using the 
mathematical equation: wound-size reduction (%) = 
(A0 – At)/A0 × 100, where A0 is the initial wound area, 

and At is the wound area at day 2, 5 or 8 
post-operation. To examine the formation of new 
blood vessels, the underside of skin at day 8 
post-wounding was viewed and photographed.  

Histological and immunofluorescence analysis 
The collected specimens of mice containing the 

wound bed and surrounding healthy skin were 
processed for further investigation. The tissues were 
fixed in 4% paraformaldehyde solution, dehydrated 
with a series of graded ethanol and embedded in 
paraffin. Sections (10 μm thick) were stained with 
hematoxylin and eosin (H&E) and photographed 
under an optical microscope. The percentage of 
neo-epithelium was assessed basing on a method 
described previously [11]. Masson’s trichrome was 
stained to evaluate the degree of collagen maturity. 
Immunofluorescence staining for CD31 was 
performed to estimate the extent of newly-formed 
capillaries during the wound-healing process. Briefly, 
skin samples at day 8 post-wounding were fixed in 
4% paraformaldehyde, dehydrated in 30% sucrose 
solution and embedded in OCT. 10 μm thick sections 
were incubated with CD31 antibody (Abcam, 
Cambridge, Britain, ab28364, 1:50) overnight at 4 °C 
and then with the Cy3-conjugated secondary 
antibodies (Abcam, ab97075, 1:250) at room 
temperature for 1 h while avoiding light. Images were 
observed with a fluorescence microscope (Leica 
DMI6000B, Solms, Germany). To compare the number 
of blood vessels from different groups, six random 
fields per section near wound edges were counted by 
using Image-Pro Plus 6 software. 

Cells culture 
Human skin fibroblasts (HSFs; FuHeng Biology, 

Shanghai, China) were cultured in high-glucose 
Dulbecco's modified eagle medium (Gibco BRL, 
Grand Island, USA) with 10% FBS. Human 
microvascular endothelial cells (HMECs; Cell Bank of 
the Chinese Academy of Sciences, Shanghai, China) 
were cultured in MCDB131 medium (Gibco BRL) 
containing 10% FBS (Gibco BRL), 2 mM L-glutamine 
(Sigma-Aldrich), 1 μg/mL hydrocortisone 
(Sigma-Aldrich), and 10 ng/mL epidermal growth 
factor (Sigma-Aldrich). Cells were maintained at 37 °C 
with 5% CO2 in a humidified environment. 

Exosomes uptake by HSFs and HMECs  
To determine UCB-Exos uptake by fibroblasts 

and endothelial cells, exosomes were labeled with a 
green fluorescent dye (PKH67; Sigma) as previously 
described [15] and then incubated with HSFs and 
HMECs at 37 °C for 3 h. The cells were then washed 
with PBS and fixed in 4% paraformaldehyde for 15 
min. After washing with PBS, nuclei were stained 
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with DAPI (0.5 µg/mL; Invitrogen, Carlsbad, USA) 
and fluorescence microscopy was used to detect the 
green signals in HSFs and HMECs. To detect the 
miRNAs’ transfer from exosomes to HSFs and 
HMECs, the recipient cells stimulated with exosomes 
for 3 h were harvested and the expression of miRNAs 
was analyzed by quantitative real-time PCR 
(qRT-PCR) analysis. 

RNA interference 
MiR-21-3p inhibitors and their negative control 

inhibitors were purchased from RiboBio (Guangzhou, 
China). Cells transfection was performed following 
the handbook from RiboBio. Briefly, the cells were 
cultured in 6-well culture plate and transfected with 
miR-21-3p inhibitor or the negative control inhibitor 
using Lipofectamine 2000 (Invitrogen), and cultured 
in complete medium containing 100 μg/mL 
UCB-Exos (200 μg/well) or an equal volume of PBS. 
After 24 h of incubation, the downstream experiments 
were performed. 

To assess whether knocking down the 
expression of PTEN and SPRY1 can achieve similar 
effects as UCB-Exos on fibroblast function and 
endothelial angiogenesis, three PTEN siRNAs 
(siPTEN #1, 2 and 3) and three SPRY1 siRNAs 
(siSPRY1 #1, 2 and 3) obtained from RiboBio 
(Guangzhou, China) were respectively used to 
knockdown the expression of PTEN and SPRY1 in 
HSFs and HMECs. Briefly, cells were transfected with 
siPTEN, siSPRY1 or the universal negative control 
siRNA (Con siRNA) using Lipofectamine 2000 
(Invitrogen) according to the instructions of the 
manufacturers. 24 h later, the inhibitory efficiency of 
these siRNAs was verified by qRT-PCR and the most 
effective siRNAs were used for the downstream 
functional experiments. The same experiments were 
performed on cells treated with UCB-Exos (100 
μg/mL) or an equal volume of PBS. 

Migration assay 
For the scratch wound assay, 2 × 105 cells/well 

(three replicates per group) were plated into a 12-well 
plate and incubated to reach confluence. The 
monolayer was scratched using a tip and washed with 
serum-free medium to remove detached cells. Then 
the cells were cultured in complete medium 
supplemented with or without UCB-Exos (100 
μg/well) and miR-21-3p inhibitor. HSFs were 
photographed at 0 h, 12 h and/or 24 h later; HMECs 
were photographed at 0 h, 6 h and/or 12 h 
post-wounding. The closure area of wound was 
calculated as follows: migration area (%) = (A0 – 
An)/A0 × 100, where A0 represents the area of initial 
wound area, An represents the remaining area of 

wound at the metering point. 
For the transwell assay, 1 × 104 cells/well (three 

replicates per group) were suspended in low serum 
(5% FBS) medium and seeded into the upper chamber 
of transwell 24-well plates (Corning, Corning, NY, 
USA) with 8 μm pore filters. Then the lower chamber 
was added with complete medium (containing 10% 
FBS) supplemented with or without UCB-Exos (50 
μg/well) and miR-21-3p inhibitor. After 12 h, the cells 
attached on the upper surface of the filter membranes 
were cleaned and migrated cells of the lower surface 
were stained with 0.5% crystal violet for several 
minutes. The level of migration was observed under 
an optical microscope (Leica DMI6000B, Germany).  

Proliferation assay 
The effects of UCB-Exos on cell proliferation 

were determined by a cell counting kit-8 assay 
(CCK-8; Dojindo, Kyushu Island, Japan). Briefly, 5 × 
103 cells/well (four replicates per group) were seeded 
into 96-well plates and cultured in medium 
supplemented with or without UCB-Exos (10 
μg/well) and miR-21-3p inhibitor. A group without 
cells served as the blank. Day 1, 2, 3, 4, and 5, CCK-8 
solution (10 μL) and 100 μL of fresh culture medium 
was added to each well and incubated at 37 °C for 1 h. 
The absorbance was observed at 450 nm by using a 
microplate reader (Bio-Rad 680, Bio-Rad, Hercules, 
CA, USA). The survival/proliferation of cells was 
represented through the absorbance of the test wells 
minus the optical density of the blank wells. 

Tube formation assay 
Growth Factor Reduced Matrigel (BD 

Biosciences, New Jersey, USA) was plated in 96-well 
plates and incubated at 37 °C to gel for 30 min. Then, 2 
× 104 /well HMECs (three replicates per group) were 
added on polymerized Matrigel in plates treated with 
or without UCB-Exos (10 μg/well) and miR-21-3p 
inhibitor. After incubation at 37 °C for 6 h, tube 
formation was observed by an inverted microscope 
(Leica DMI6000B, Germany). The total branching 
points and total tube length were measured by 
Image-Pro Plus 6 software. 

qRT-PCR analysis 
Total RNA was extracted from cultured cells 

using Trizol Reagent (Invitrogen). For mRNA 
detection, cDNA was synthesized from 1 μg of total 
RNA by using a Revert Aid first-strand cDNA 
synthesis kit (Fermentas, Life Sciences, Canada). 
Then, qRT-PCR analysis was performed with SYBR 
Premix ExTaqTMII in an ABI PRISM® 7900HT System 
(Takara Biotechnology, Japan). The relative standard 
curve method (2-△△CT) was used to determine the 
relative mRNA expression, using GAPDH as the 
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reference. The PCR primers used in this study were as 
follows: hsa-PTEN: forward, 5'-AGGGACGAACTGG 
TGTAATGA-3', and reverse, 5'-CTGGTCCTTACTTC 
CCCATAGAA-3'; hsa-SPRY1: forward, 5'-CCCACTG 
CTGACACAAGGAG-3', and reverse, 5'-ACACTAGC 
CCATCCACATTTTG-3'; hsa-GAPDH: forward, 
5’-ATCCCATCACCATCTTCC-3’, and reverse, 
5’-GAGTCCTTCCACGATACCA-3’. For miRNA 
analysis, exosomal miRNAs were isolated by using 
the SeraMir Exosome RNA Purification Kit (System 
Biosciences, Mountain View, USA), and cDNA for 
miRNAs was synthesized using the TaqMan 
microRNA assay kit (Applied Biosystems, Foster City, 
USA) as described by the manufacturer’s protocol. 
The qRT-PCR reaction was performed using FastStart 
Universal SYBR Green Master Mix (Roche, 
Indianapolis, USA) with the miRNA-specific forward 
primer (Sangon Biotech, Shanghai, China) and the 
universal reverse primer provided by the TaqMan 
microRNA assay kit. U6 small nuclear RNA was used 
to normalize the results. 

Western blotting 
Protein extracts were separated by sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) and transferred to polyvinylidene 
fluoride membranes (Immobilon P, Millipore, 
Billerica, USA). Blots were blocked with 5% milk in 
Tris-buffered saline containing 0.1% Tween-20 for 1 h 
at room temperature. The membranes were incubated 
with primary antibodies at 4 °C overnight, followed 
by incubation with the horseradish 
peroxidase-conjugated secondary antibodies at 37 °C 
for 1 h. The antibodies including anti-phosphorylate 
Akt (p-Akt; #9271, 1:1000), anti-Akt (#9272, 1:1000), 
anti-p-Erk1/2 (#4370, 1:2000), anti-Erk1/2 (#4695, 
1:1000), anti-β-actin (#3700, 1:1000), horseradish 
peroxidase conjugated anti-rabbit IgG (#7074, 1:5000) 
and anti-mouse IgG (#7076, 1:5000) were obtained 
from Cell Signaling Technology (Danvers, MA, USA). 
The immunoreactive bands were visualized using 
enhanced chemiluminescence reagent (Thermo Fisher 
Scientific, Waltham, USA) and imaged by the 
ChemiDoc XRS Plus luminescent image analyser 
(Bio-Rad). Densitometric quantification of band 
intensity from four independent experiments was 
carried out with Image-Pro Plus 6.0 software and the 
relative expression level of target protein was 
normalized to the band intensity of β-actin. 

Statistical analysis 
All experiments were performed with at least 

three replicates per group and the in vitro experiments 
were repeated at least three times. Data are 
representative of these experiments and are shown as 

means ± standard deviation (SD). Means of multiple 
groups were compared with one-way analysis of 
variance (ANOVA). Independent-sample t test was 
used to compare means between two different 
groups. Statistical analysis was conducted using 
GraphPad Prism software and P < 0.05 was 
considered statistically significant. 

Results 

Characterization of UCB-Exos 
DLS analysis, TEM and flow cytometric analysis 

were performed to identify the purified nanoparticles 
derived from UCB. DLS measurement showed that 
the diameters of these particles predominantly ranged 
from 30 nm to 100 nm (Fig. 1A), which was consistent 
with the previously reported exosomes size 
distributions [10]. TEM revealed that UCB-Exos 
exhibited a cup- or sphere-shaped morphology (Fig. 
1B), similar to previously described exosomes [10]. 
The identity of these particles was further confirmed 
as exosomes by flow cytometric analysis, which 
showed the presence of exosomal surface markers 
including CD63 and TSG101 (Fig. 1C). All these data 
suggested that these nanoparticles were actually 
exosomes. 

UCB-Exos promote cutaneous wound healing 
in mice 

To evaluate the effects of UCB-Exos on wound 
healing, full-thickness cutaneous wounds were 
created on the back of mice, followed by 
subcutaneous injection of UCB-Exos or an equal 
volume of exosomes diluents (PBS). Digital 
photographs showed the progress in closure of 
wounds receiving different treatments. As shown in 
Fig. 2A-B, wound closure of the exosomes-treated 
mice was accelerated, illustrated by smaller wound 
areas measured at day 2, 5, and 8 post-wounding 
when compared with the PBS-treated control group. 
In particular, the wounds treated with UCB-Exos had 
almost closed at day 8 whereas large scar areas 
remained detectable in the control wounds. H&E 
staining revealed that the exosomes-treated wounds 
showed longer neo-epidermis and dermis with 
regenerated hair follicles and fat cells than that of the 
PBS-treated wounds at day 8 post-wounding (Fig. 
2C). Quantification of the rate of re-epithelialization 
and scar width further confirmed that exosomes 
transplantation enhanced epidermal regeneration and 
reduced scar formation of wounds (Fig. 2D). 
Masson’s staining showed larger amounts of wavy 
collagen fibers in the wounds treated with exosomes 
compared with the controls (Fig. 2E). These data 
indicate that UCB-Exos treatment results in the 
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acceleration of the wound healing process in mice. 

UCB-Exos enhance angiogenesis in the wound 
sites of mice 

We then asked whether the transplantation of 
UCB-Exos could enhance angiogenesis in the wound 
area. As shown in Fig. 3A, larger numbers of newly 
formed blood vessels were observed in the wounds 
treated with UCB-Exos at day 8 post-wounding 
compared with the control wounds. 
Immunofluorescence staining for CD31 was also 
performed to detect the extent of blood vessel 
formation in the wound sites. As shown in Fig. 3B, the 
blood vessels were rarely observed in the PBS-treated 
wounds, whereas abundant blood vessels appeared in 
the wounds treated with exosomes. Quantification of 
the density of new blood vessels, defined as the 
number of CD31 positively stained cells per mm2, 
verified the increase of the number of blood vessels 
induced by exosomes (Fig. 3C). Our data suggest that 

UCB-Exos transplantation augment the angiogenic 
responses of the wound sites in mice.  

Retention of UCB-Exos in skin tissues 
We also tested the retention of the administered 

UCB-Exos in skin tissues. As detected by fluorescence 
microscopy, plenty of PKH67-labeled UCB-Exos were 
observed in the perinuclear region of skin cells at 3 h 
after injection, but the signal decreased at 24 h after 
injection. At 2 d after injection, UCB-Exos were found 
at a significantly lower density in skin tissues. On day 
5 and day 8, no fluorescent signal was detected (Fig. 
S1A). Quantitative analysis of the numbers of skin 
cells that took up the PKH67-labeled exosomes at 
indicated times further confirmed the time-dependent 
decrease of injected exosomes around the wound sites 
(Fig. S1B). The results suggest that the transplanted 
UCB-Exos provide time-dependent decrease of 
stimuli to the resident skin cells. 

 
 

 
Figure 1. Characterization of UCB-Exos. (A) Particle size distribution of UCB-Exos measured by DLS analysis. (B) Morphology of UCB-Exos observed by 
TEM. Scale bar: 50 nm. (C) Representative flow cytometry histograms showing the presence of exosomal surface markers CD63 and TSG101 on UCB-Exos-bound 
beads. Negative controls: isotype control primary antibody + secondary antibody or secondary antibody only. The beads un-coated with exosomes but incubated 
with the respective primary and secondary antibodies served as blank.  
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Figure 2. UCB-Exos transplantation was beneficial for cutaneous wound healing in mice. (A) Gross view of wounds treated with UCB-Exos or PBS at 
day 2, 5 and 8 post-wounding. (B) The rate of wound-closure in wounds receiving different treatments. n = 10 per group. (C) H&E staining of wound sections treated 
with UCB-Exos or PBS at 8 days after operation. The black arrows indicate the edges of the scar. Scale bar: 500 μm. (D) Quantification of the scar widths and the 
extent of re-epithelialization. n = 3 per group. (E) Masson’s trichrome staining of wound sections treated with UCB-Exos or PBS. *P < 0.05 compared with the PBS 
group (control).  

 

Detection of miRNAs in UCB-Exos  
To explore the functional molecules that mediate 

the pro-wound healing effects of UCB-Exos, 
quantitative real-time PCR (qRT-PCR) analysis was 
performed to detect the expression levels of a class of 
miRNAs (including miR-21, miR-214, miR-126, 
miR-27b, miR-125b and miR-19b) that have positive 
roles in regulating fibroblast function and/or 
angiogenesis in UCB-Exos. The result showed that 

miR-21-3p, but not miR-21-5p, was the most highly 
expressed miRNA among these detected miRNAs 
(Fig. 4A). Studies have indicated that miR-21 can not 
only promote fibroblasts proliferation, migration and 
collagen synthesis [16, 17], but also enhance the 
angiogenic activities of endothelial cells [18], both of 
which are beneficial for wound healing. Thus, we 
focused on exosomal miR-21-3p for further 
investigation. 
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Figure 3. UCB-Exos enhance angiogenesis in the wound sites of mice. (A) Gross view of wounds receiving different treatments at day 8 post-wounding 
from the undersurface. Newly formed blood vessels were detected in the wound sites. (B) CD31 immunofluorescence staining of wound sections treated with 
UCB-Exos or PBS. Scale bar: 50 μm. (C) Quantitative analysis of the number of blood vessels in (B). n = 3 per group. *P < 0.05 compared with the PBS group (control).  

 

UCB-Exos shuttle miR-21-3p into fibroblasts 
and endothelial cells 

Next, we determined whether UCB-Exos could 
be internalized into fibroblasts and endothelial cells, a 
prerequisite for subsequent exosomal miRNA 
transfer. UCB-Exos were labeled by the green 
fluorescent dye (PKH67) and then were incubated 
with human skin fibroblasts (HSFs) and human 
microvascular endothelial cells (HMECs). After 3 h, 
recipient cells were washed to remove unbound 
exosomes and fixed, and DNA was stained with 
DAPI. Fluorescence microscopy analysis revealed that 
the PKH67-labeled exosomes had been transferred to 
perinuclear region of HSFs and HMECs (Fig. 4B).  

To verify the transfer of miR-21-3p into recipient 
cells, HSFs and HMECs were treated with UCB-Exos 
and the cells were harvested for qRT-PCR analysis. As 
shown in Fig. 4C-D, miR-21-3p levels in HSFs and 
HMECs were remarkably increased after the cells 
were stimulated with UCB-Exos for 3 h. However, the 
levels of its target genes, including PTEN and SPRY1, 
were markedly reduced after treatment with 
exosomes for 24 h (Fig. 4E-F). The results indicate that 

miR-21-3p can be transferred into target cells to 
regulate gene expression. 

UCB-Exos promote fibroblast proliferation 
and migration via transferring miR-21-3p 

To assess the effects of UCB-Exos on fibroblasts, 
HSFs were treated with UCB-Exos or an equal volume 
of PBS for a series of in vitro functional assays. A 
scratch wound assay was applied to measure the 
effect of UCB-Exos on the migration of HSFs. The 
result showed that exosomes treatment markedly 
enhanced the motility of HSFs, as determined by the 
migration area (Fig. 5A-B). The pro-migratory ability 
of UCB-Exos was further confirmed by the transwell 
assay (Fig. 5C-D), which is another widely used 
method for evaluating the migration of cells. To verify 
the role of miR-21-3p in the exosomes-induced 
regulation of fibroblasts, HSFs stimulated with 
exosomes were additionally treated with a specific 
inhibitor targeting miR-21-3p. As illustrated in Fig. 
5A-D, the pro-migratory effect of UCB-Exos was 
attenuated, but not totally abolished, in the 
UCB-Exos+miR-21-3p inhibitor group. The 
proliferation of HSFs was quantified by CCK-8 
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analysis. The result revealed that exosomes 
stimulation resulted in a significant increase in HSFs 
proliferation, but the effect was reduced by the 
miR-21-3p inhibitor (Fig. 5E). The expression of PTEN 
and SPRY1 in HSFs receiving different treatments was 
also evaluated. As shown in Fig. 5F, inhibition of 
miR-21-3p markedly reversed the UCB-Exos-induced 
reduction of PTEN and SPRY1 in HSFs. All these data 
suggest that UCB-Exos can enhance fibroblast 
function by targeting PTEN and SPRY1 through 
miR-21-3p. 

The activation of PI3K/Akt and ERK1/2 
signaling in fibroblasts in response to 
UCB-Exos stimulation 

Studies have shown that miR-21 can target PTEN 
and SPRY1 in fibroblasts to induce the activation of 
PI3K/Akt and ERK1/2 pathways [19, 20]. To detect 

whether UCB-Exos could deliver miR-21-3p to 
activate these signaling pathways, western blotting 
was carried out to assess the protein levels of Akt, 
p-Akt, Erk1/2 and p-Erk1/2 in HSFs following 
treatment with UCB-Exos or PBS under normal or 
miR-21 inhibition conditions for 24 h. The western 
blotting images and the quantitative data of the 
relative band intensites revealed that UCB-Exos 
induced significant increases in the phosphorylation 
of Akt and Erk1/2, but the miR-21-3p inhibitor 
markedly decreased their up-regulation induced by 
exosomes (Fig. 5G-H). Thus, the activation of 
PI3K/Akt and ERK1/2 pathways may be the 
underlying mechanism by which 
miR-21-3p-containing UCB-Exos enhance fibroblast 
function. 

 

 
Figure 4. UCB-Exos deliver miR-21-3p into fibroblasts and endothelial cells. (A) Detection of the expression of the indicated miRNAs by qRT-PCR 
analysis. n = 3. (B) Fluorescence microscopy analysis of PKH67-labeled UCB-Exos internalization by HSFs and HMECs. The green-labeled exosomes were visible in 
the perinuclear region of recipient cells. Scale bar: 50 μm. (C-D) HSFs and HMECs incubated with UCB-Exos for 3 h showed higher expression levels of miR-21-3p 
than controls did. n = 3 per group. Incubation with UCB-Exos for 24 h reduced the expression of PTEN and SPRY1 in HSFs (E) and HMECs (F). n = 3 per group. 
UCB-Exos were used at a concentration of 100 μg/mL. *P < 0.05 compared with the PBS group (control). 
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Figure 5. UCB-Exos promote the proliferation and migration of fibroblasts via transferring miR-21-3p. (A) UCB-Exos promoted HSFs migration as 
analyzed by scratch wound assay, but this effect was reduced by miR-21-3p inhibitor. Scale bar: 250 μm. (B) Quantitative analysis of the migration rates in (A). n = 3 
per group. (C) The migratory ability of HSFs receiving different treatments was further confirmed by the transwell assay. Scale bar: 100 μm. (D) Quantitative analysis 
of the migrated cells in (C). n = 3 per group. (E) CCK-8 assay showed that UCB-Exos promoted HSFs proliferation, whereas this effect was attenuated by miR-21-3p 
inhibition. n = 4 per group. (F) UCB-Exos reduced the expression of PTEN and SPRY1 in HSFs, but their down-regulation was reversed by the miR-21-3p inhibitor. 
n = 3 per group. (G) UCB-Exos incubation enhanced the protein levels of p-Akt and p-Erk1/2 in HSFs, whereas this effect was reduced in the miR-21-3p co-treatment 
group. (H) Densitometric quantification of the relative band intensity in (G). n = 4 per group. *P < 0.05 compared with the control group, # P < 0.05 compared with 
the UCB-Exos (100 μg/mL) group.  

 

Inhibition of PTEN and SPRY1 induces 
UCB-Exos-like positive effects on fibroblast 
function  

We next asked whether knocking down the 
expression of miR-21 target genes, PTEN and SPRY1, 
could achieve the similar positive effects like 
UCB-Exos on fibroblast function. Three PTEN siRNAs 
(siPTEN #1, 2 and 3) and three SPRY1 siRNAs 
(siSPRY1 #1, 2 and 3) were used to downregulate the 

expression of PTEN and SPRY1 in HSFs, respectively. 
The inhibitory efficiency of these siRNAs was verified 
by qRT-PCR (Fig. 6A) and the most effective siRNAs 
(siPTEN #1 and siSPRY1 #2) were used for the 
following functional assays. The results of scratch 
wound assay (Fig. 6B-C) and CCK-8 assay (Fig. 6D) 
respectively revealed that inhibition of PTEN and 
SPRY1 significantly enhanced the motility and 
proliferation of HSFs. All these effects on HSFs 
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induced by siPTEN #1 and siSPRY1 #2 were similar to 
those observed following exposure to UCB-Exos (Fig. 
6B-D), which further indicates that the positive effects 
of UCB-Exos on fibroblast function are mediated by 
miR-21-3p-induced inhibition of PTEN and SPRY1. 

MiR-21-3p mediates the pro-angiogenic effects 
of UCB-Exos on endothelial cells by inhibiting 
PTEN and SPRY1 

We then investigated whether UCB-Exos could 
influence the angiogenic responses of endothelial cells 
and the role of miR-21-3p in these processes. The 
scratch wound assay and the transwell assay 
indicated that UCB-Exos remarkably up-regulated the 
migration of HMECs. However, miR-21-3p inhibition 
impaired the pro-migratory effect of UCB-Exos (Fig. 
7A-D). CCK-8 assay showed that UCB-Exos enhanced 
the proliferative activity of HMECs, whereas 
co-treatment with the miR-21-3p inhibitor lowered the 
exosomes-induced proliferation of HMECs (Fig. 7E). 
The tube formation assay on Matrigel is an in vitro 
model of angiogenesis. The total tube length and total 
branching points at the indicated time were measured 
to quantify the ability of HMECs to form tubes. As 
shown in Fig. 7F-G, all the indicators were increased 
in the exosomes-treated HMECs. When the cells were 
transfected with the miR-21-3p inhibitor, the 
exosomes-induced tube formation was reduced. The 
result of qRT-PCR analysis showed that the 

down-regulation of PTEN and SPRY1 induced by 
UCB-Exos was attenuated by miR-21-3p inhibition 
(Fig. 7H). We also detected the activity of PI3K/Akt 
and ERK1/2 signaling in HMECs, the downstream 
pathways that can be activated by miR-21 and thereby 
enhance angiogenesis [21]. As evidenced by the 
western blotting images and the quantitative data, 
UCB-Exos incubation enhanced the protein levels of 
p-Akt and p-Erk1/2 in HMECs, whereas their 
up-regulation was inhibited in the miR-21-3p 
inhibitor co-treatment group (Fig. 7I-J).  

The angiogenic activities of HMECs were also 
assessed after PTEN and SPRY1 interference by using 
specific siRNAs. Downregulation of PTEN and SPRY1 
was verified by qRT-PCR (Fig. 8A). The PTEN- and 
SPRY1-silenced cells by siPTEN #1 and siSPRY1 #1 
were selected for the downstream experiments. As 
evidenced by scratch wound assay (Fig. 8B-C), tube 
formation assay (Fig. 8D-E) and CCK-8 assay (Fig. 
8F), the migration, angiogenic tubule formation and 
proliferation of HMECs were profoundly augmented 
by siPTEN #1 and siSPRY1 #1 compared to the 
control siRNA group, similar to that observed in 
UCB-Exos treatment group (Fig. 8B-F). Taken 
together, our in vitro functional assays on HMECs 
suggest that inhibition of PTEN and SPRY1 via 
miR-21-3p mediates the pro-angiogenic effects of 
UCB-Exos on endothelial cells. 

 

 
Figure 6. Inhibition of PTEN and SPRY1 induces UCB-Exos-like positive effects on fibroblast function. (A) The inhibitory efficiency of the siRNAs 
targeting PTEN and SPRY1 was verified by qRT-PCR. n = 3 per group. (B) The migration of HSFs in different treatment groups was tested by the scratch wound assay. 
(C) Quantitative analysis of the migration rates in (B). n = 3 per group. (D) CCK-8 analysis of HSFs proliferation in different treatment groups. n = 4 per group. *P 
< 0.05 compared with the PBS group, # P < 0.05 compared with the control (Con) siRNA group.  
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Figure 7. MiR-21-3p mediates the pro-angiogenic effects of UCB-Exos on endothelial cells. UCB-Exos induced a significant increase in the motility of HMECs, but 
the pro-migratory effect was decreased by the miR-21-3p inhibitor, as analyzed by the scratch wound assay (A-B) (Scale bar: 250 μm) and the transwell assay (C-D) (Scale bar: 
100 μm). n = 3 per group. (E) The proliferation of HMECs receiving different treatments was assessed by CCK-8 analysis. n = 4 per group. (F) UCB-Exos increased the tube 
formation ability of HMECs, but this effect was decreased by miR-21-3p inhibition. Scale bar: 100 μm. (G) Quantitative analysis of the total branching points and total tube length 
in (F). n = 3 per group. (H) Detection of the expression of PTEN and SPRY1 by qRT-PCR analysis. n = 3 per group. (I) Detection of the phosphorylation levels of Akt and Erk1/2 
by western blotting. n = 4 per group. *P < 0.05 compared with the control (Con) siRNA group, # P < 0.05 compared with the UCB-Exos (100 μg/mL) group.  

 

Discussion 
In this study, we provided the first 

demonstration that the local transplantation of 

UCB-Exos into mouse skin wounds induced 
prominent regenerative effects in the wound sites, as 
defined by more rapid wound closure and collagen 
deposition, higher rates of re-epithelialization and 
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new blood vessel formation, as well as less scar 
formation. We also demonstrated in vitro that 
UCB-Exos could be internalized into fibroblasts and 
endothelial cells, activate PI3K/Akt and ERK1/2 
signaling, and enhance their functional properties by 
transferring miR-21-3p. Our results suggest that 
UCB-Exos may deliver miR-21-3p into resident 
fibroblasts and endothelial cells to evoke their 
regenerative responses, thereby accelerating 
cutaneous wound repair and regeneration. 

In recent years, the application of plasma for 
tissue engineering is receiving great attention among 
scientists and clinicians [22-24]. In particular, 
platelet-rich plasma (PRP) has shown promising 
experimental and clinical results in soft tissue wound 
repair [23, 24]. Exosomes are critical paracrine 
mediators released by most cells and can be obtained 
from biological fluids including plasma. Recent 
studies have showed that the plasma-derived 
exosomes can serve as potential diagnostic 
biomarkers for various diseases [25], whereas few 

studies have used the whole blood plasma to isolate 
exosomes for tissue regeneration. A recent study by 
Guo et al reported that the exosomes derived from 
human peripheral blood PRP could exert beneficial 
effects on diabetic wound healing in rats [26], 
suggesting that exosomes are important effectors of 
PRP activity. However, it is noteworthy that PRP is a 
concentration of platelets in a small volume of plasma, 
and most of the supernatant plasma which may 
contain a large amount of exosomes is discarded 
during harvest procedures of PRP [23, 24, 26]. Indeed, 
the exosomes derived from PRP are mainly released 
from the platelets activated by calcium and thrombin 
[26]. It remains unclear whether exosomes naturally 
existing in the plasma can induce tissue repair and 
regeneration. Herein, we collected exosomes from 
human UCB plasma and confirmed their 
pro-regenerative effects on wound healing, indicating 
that exosomes are important mediators of plasma 
function and can be utilized as a novel therapeutic 
nano-delivery system for wound healing. 

 

 
Figure 8. Inhibition of PTEN and SPRY1 induces UCB-Exos-like pro-angiogenic effects on endothelial cells. (A) The inhibitory efficiency of the 
siRNAs targeting PTEN and SPRY1 was verified by qRT-PCR. n = 3 per group. (B) The migration of HMECs in different treatment groups was tested by the scratch 
wound assay. (C) Quantitative analysis of the migration rates in (B). n = 3 per group. (D-E) Representative images and quantification of HMECs tube formation in 
different treatment groups. n = 3 per group. (F) CCK-8 analysis of HMECs proliferation in different treatment groups. n = 4 per group. *P < 0.05 compared with the 
PBS group, # P < 0.05 compared with the Con siRNA group. 
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Fibroblasts are the major effector cells in the 
wound healing of soft tissue. Their proliferation and 
migration are essential for wound contraction, 
collagen synthesis and tissue remodeling [27]. In this 
study, we evaluated the effects of UCB-Exos on the 
behavior of fibroblasts in vitro. The results revealed 
that these nanoparticles could be internalized by 
fibroblasts and significantly enhance their 
proliferation and migration, suggesting that the 
activation of fibroblasts is a mechanism through 
which UCB-Exos stimulate wound healing. New 
blood vessels formation in postnatal life occurs 
mainly via angiogenesis, which provides oxygen and 
nutrients to the wound for sustaining fibroblast 
proliferation, collagen synthesis, and 
re-epithelialization [11]. The results of our study 
showed that UCB-Exos transplantation profoundly 
increased the number of newly formed blood vessels 
in the wound areas, suggesting that UCB-Exos 
treatment augment the angiogenic responses in the 
wound sites. Using a series of in vitro 
angiogenesis-related assays, we found that UCB-Exos 
could markedly enhance the migration, proliferation, 
and angiogenic tubule formation of endothelial cells, 
which further confirmed the pro-angiogenic property 
of UCB-Exos. Thus, the beneficial effects of UCB-Exos 
on wound healing may be mainly attributed to their 
function in promotion of endogenous fibroblasts and 
endothelial cells.  

MiRNAs are a class of 20-24 nt small non-coding 
RNAs that function as inhibitors of target gene 
expression by inducing mRNA degradation or 
translational repression [28]. MiR-21 is one of the most 
well studied miRNAs and is implicated in preventing 
invasion of cancer cells in many types of cancer, 
including skin cancers [29]. MiR-21 expression was 
found to be up-regulated after skin injury and could 
promote keratinocyte migration to accelerate 
reepithelialization of skin wounds [17]. Inhibition of 
miR-21 could result in a significant delay of wound 
closure with less fibroblasts and collagen deposition 
in the wound sites, suggesting that miR-21 is a 
positive modulator of fibroblast function [17]. 
Although few studies have deciphered the role of 
miR-21 in wound revascularization, the beneficial 
effects of miR-21 on endothelial cell function and 
tumor angiogenesis have been evaluated [18, 21]. 
These findings reveal that miR-21 up-regulation may 
facilitate wound healing. 

It has been shown that exosomes contain large 
amounts of miRNAs and can serve as vehicles to 
transfer miRNAs to recipient cells, where the 
exogenous miRNAs can alter the gene expression and 
bioactivity of recipient cells [28]. MiR-21 has been 
identified in exosomes derived from cancer- 

associated adipocytes and fibroblasts [28], bronchial 
epithelial cells [18], dendritic cells [30], and serum 
samples from patients with laryngeal cancer [31]. 
Here, we detected high level of miR-21-3p, but not 
miR-21-5p, in UCB-Exos. After incubating with 
UCB-Exos for a very short period of time (3 h), we 
found that miR-21-3p expression was remarkably 
enhanced in fibroblasts and endothelial cells, 
indicating that miR-21-3p can be transferred from 
UCB-Exos to recipient cells. Studies have 
demonstrated that the miR-21-dependent regulation 
of fibroblasts’ and endothelial cells’ activities is 
mediated by the activation of PI3K/Akt and ERK1/2 
signaling through downregulation of PTEN and 
SPRY1 [19-21]. In accord with these published 
findings, results of our study showed that the 
expression levels of PTEN and SPRY1 were 
significantly decreased, whereas the activities of 
PI3K/Akt and ERK1/2 signaling was markedly 
augmented in fibroblasts and endothelial cells 
stimulated by the miR-21-3p-contaning UCB-Exos. 
However, these effects induced by UCB-Exos were 
notably reversed by the specific inhibitor targeting 
miR-21-3p. In addition, we found that the 
UCB-Exos-induced promotion of fibroblast function 
and angiogenesis of endothelial cells was also 
attenuated, but not entirely abolished, by miR-21-3p 
inhibition. We also found that knocking down the 
expression of miR-21 target genes PTEN and SPRY1 
could achieve UCB-Exos-like, but not all, positive 
effects on fibroblast function and endothelial 
angiogenesis. These findings suggest that miR-21-3p 
is one of the critical mediators in UCB-Exos-induced 
regulation of characteristics of fibroblasts and 
endothelial cells by targeting PTEN and SPRY1, and 
other signaling molecules may also be involved in this 
process, which warrants further investigation. 
Another limitation of our study is that no in vivo data 
directly show the role of miR-21-3p in 
UCB-Exos-induced regulation of wound healing. 

In this work, we traced the administrated 
UCB-Exos in skin tissues at different time point and 
found the accumulation of PKH67-labeled UCB-Exos 
in skin tissues at 3 h after injection. Although 
UCB-Exos were still present at 2 days after injection, 
the density had been markedly reduced. 3 days after 
injection, the signal disappeared. These data, along 
with the in vivo and in vitro results obtained in our 
study, suggest that a single dose injection of 
UCB-Exos may provide instant but strong stimuli to 
the resident skin cells, where the exogenous miR-21- 
3p transferred from UCB-Exos alters the expression of 
target genes and activates the regenerative responses 
of skin cells, which finally cause a significant 
acceleration of the wound healing process.  
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There were a number of limitations in the 
present study. First, it remains to be determined 
whether sustained delivery of UCB-Exos can induce 
similar or much better pro-regenerative effects in skin 
wounds in mice. Moreover, the changes in expression 
of miR-21-3p in wound tissues after UCB-Exos 
transplantation and the precise mechanism by which 
miR-21-3p regulates the expression of target genes 
were not further evaluated in the present study. In 
addition, although we used exosomes from 3 different 
donors-derived UCB for in vitro assays, we just used 
exosomes from a single donor-derived UCB for 
verifying their functional properties in vivo. 

In summary, our results show that UCB-Exos 
can effectively enhance cutaneous wound healing in 
mice and the underlying mechanism may be their 
activation of function properties of fibroblasts and 
endothelial cells in the wounds, as UCB-Exos can 
enhance the proliferation and migration of fibroblasts, 
as well as the angiogenic activities of endothelial cells 
in vitro. In the UCB-Exos-dependent regulation of 
fibroblast function and endothelial angiogenesis, 
miR-21-3p plays a crucial role since suppression of 
miR-21-3p can markedly reduce the regulatory effects 
of UCB-Exos. Our findings suggest that UCB-Exos 
may represent a novel therapeutic tool for soft tissue 
wound healing. 
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